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ABSTRACT A photovoltaic device comprised of an array of 20 nm wide, 32 nm pitch array of silicon nanowires is modeled as an
optical material. The nanowire array (NWA) has characteristic device features that are deep in the subwavelength regime for light,
which permits a number of simplifying approximations. Using photocurrent measurements as a probe of the absorptance, we show
that the NWA optical properties can be accurately modeled with rigorous coupled-wave analysis. The densely structured NWAs behave
as homogeneous birefringent materials into the ultraviolet with effective optical properties that are accurately modeled using the
dielectric functions of bulk Si and SiO2, coupled with a physical model for the NWA derived from ellipsometry and transmission
electron microscopy.
KEYWORDS Silicon, nanowire, photovoltaic, birefringence
Semiconductor nanowires have been suggested as aviable candidate system for third-generation photo-voltaics.1 They have the potential for combining the
high-efficiency characteristics of inorganic photovoltaics with
lowmaterial costs, and they are potentially compatible with
existing semiconductor technology. Multiple examples of
single nanowire2-4 and nanowire array photovoltaics5-7
have been reported. Early efforts were primarily directed at
optimizing nanowire electrical characteristics, but more
recently, attention has turned toward understanding the
optical properties of vertical nanowire pn-junction arrays
with an eye toward tuning the nanowire optical constants
in order to optimize photovoltaic efficiencies.6-9
The optical absorption for single nanowires is a sensitive
function of the nanowire size.10 Vertically oriented nanowire
arrays (NWAs) are often comprised of isolated or sparsely
packed nanowires, and such arrays cause scattering and
diffraction of light in addition to reflection and transmission
losses. Thus, we sought to determine if light scattering can
be predicted and controlled in periodic NWAs with critical
dimensions deep in the subwavelength regime.We turn here
to horizontally oriented pn-junction NWAs to address this
question.
Our NWA fabrication utilized the superlattice nanowire
pattern transfer (SNAP) technique11-13 for nanowire pat-
terning. SNAP translates the film spacings within amolecular
beam epitaxy-grown GaAs/AlxGa(1-x)As superlattice structure
into the width and pitch of nanowires of virtually any
material that can be prepared in thin film form. Micrometer-
scale contacts to the NWA were patterned from the same
single crystal material as the NWA itself. Since SNAP is a
nanowire patterning (rather than nanowire growth) ap-
proach, the starting thin film material may be precisely
doped prior to NWA formation, and side-by-side measure-
ments of identically doped and treated NWAs and thin films
are possible.
Detailed experimental protocols are supplied within the
Supporting Information, and so only a brief description will
be provided in the main text.
The starting thin films were silicon-on-insulator (SOI)
substrates comprised of 120 Å 〈100〉-oriented single crystal
Si epilayer atop 2000 Å buried SiO2 (Figure 1a). For the pn-
junctions, two cycles of photolithographic masking and ion
implantation were performed to create heavily doped p-type
and n-type contact regions in the top silicon layer (Figure
1b). A final light p-type implant without photoresist mask
was performed to dope the device regions between the
contacts. The implanted SOI substrate was then subjected
to a modified RCA clean (see Supporting Information for
details). After cleaning, the substrate was placed in a rapid
thermal processor (RTP) and annealed under dry N2 (900 °C
for 10 s). After the anneal, the electrically active dopant
concentration in the contact regions ranged between 0.6-2
× 1019 cm-3, as determined fromHall probemeasurements
on test structures adjacent to the regions used for NWA
patterning.
Multiple devices were fabricated and for each device an
array of 20 nmwide, 34 nm pitch silicon nanowires, aligned
with the pn-junction, was formed using the SNAP technique
(see Supporting Information for details).11-13 First, an array
of parallel Pt nanowires was patterned onto the surface of
the SOI substrate with SNAP (Figure 1c,d). Using a previously
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reported approach,14 micrometer-size contacts to the nano-
wires were established, using photolithographic patterning,
from the same single crystal Si epilayer from which the
nanowires themselves were formed; thus, ohmic contacts
can bemade to the lightly doped NWA via the heavily doped
contacts. Thin film reference devices were also patterned
adjacent to each NWA device (Figure 1e). A reactive-ion etch
(RIE) step produced the NWA and thin film devices and the
associated contacts from the Si epilayer (Figure 1f). Section-
ing and isolation of the resulting devices was performed
using standard photolithographic techniques (Figure 1g).
The sectioned devices were cleaned once more with the
modified RCA clean and oxidized in a rapid thermal proces-
sor (RTP) under dry O2 (1000 °C for 15 s, ramp rate 35 K
s-1) to grow a ∼5 nm oxide surface layer. Rapid thermal
oxidation (RTO) has been similarly used to grow thin gate
dielectrics;15 here it is used to passivate the surfaces of
photovoltaic devices. RTO provides higher quality surface
passivation than can be achieved with native or chemical
oxides16 and is crucial for good photovoltaic performance.17
Further improvement of the oxide quality was achieved with
a subsequent anneal under forming gas18 (5%H2 in N2) with
the RTP (475 °C for 5 min). We were able to achieve good
device performance by following this passivation protocol;
otherwise, our devices rarely exhibited photovoltaic behav-
ior. Nonetheless, we believe that our best devices are still
limited by surface recombination and that their performance
can be further improved by optimizing the surface passiva-
tion layer.
Finally, standard photolithographic andmetal deposition
techniques were used to definemetal contacts to the devices
(Figure 1h) (see Supporting Information). The final metal
liftoff procedure was performed just before measurement
to minimize device degradation from extended exposure to
ambient air.
The NWA photovoltaic devices were characterized in
different ways. For a device that appeared the most perfect
under optical and SEM imaging, full optical characterization,
as well as cross-sectioning and TEM imaging to establish the
structural details of the device for the optical model, were
carried out. This was the principal device studied here (NWA:
short-circuit current density Jsc) 2.6 mA cm-2, open-circuit
voltage Voc ) 0.37 V. Film: Jsc ) 3.0 mA cm-2, Voc ) 0.46
V). For other devices, the photovoltaic device characteristics
(with and without illumination) were fully or partially
measured.
For optical characterization, the principal device was
mounted on andwire-bonded to a chip carrier before loading
into the coldfinger of an optical cryostat equipped with 1 in.
diameter windows for sample illumination. After wavelength
and irradiance calibrations (see Supporting Information for
details), spectral response measurements were performed
at 300 K under vacuum (∼10-5 Torr), using the collimated
output from a monochromated Xe arc lamp. A monochro-
mator bandpass of 10 nm was used and the illumination
wavelength was scanned between 250-800 nm in 1 nm
steps while the spectral response data were collected.
Polarization-resolved spectral responsemeasurements were
also performed by illuminating the devices through an
uncoated Glan-Thompson linear polarizer andmeasuring the
photocurrent at several polarizer settings. The data consist
of photocurrent I measurements made with a Model 6430
FIGURE 1. Schematic of fabrication steps. (a) Starting SOI film, (b) implanted with dopants in contact and device regions, is (c) patterned with
an array of Pt NWs from a SNAP master. (d) The master is removed, (e) additional Pt masks placed via photolithography, and (f) the mask
pattern is transferred into the SOI film with RIE. Standard photolithographic techniques are used to (g) isolate devices and (h) deposit metal
contacts. (i) Optical micrograph of the NWA and thin film devices. (j) Scanning electron micrograph of the NWA with nanowires running
horizontally across the image.
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sourcemeter at zero applied bias (Keithley Instruments,
Cleveland, OH), which yield the spectral responsivity R via
the relation R(λ) ) I(λ)/[Y × E(λ)], where E is the calibrated
irradiance of the incident illumination. The active light-
collecting area is Y ) L × W, determined by the physical
width of the device W and the minority carrier diffusion
length L. The spectral responsivity is transformed into the
external quantum efficiency (EQE) using the equation EQE(λ)
) (1240W nm A-1) × R(λ)/λ. Additionally, current-voltage
scans were performed in the dark and under standard
AM1.5G illumination to characterize the photovoltaic prop-
erties of the NWA and film diodes. Complete photovoltaic
characterization of one set of highly doped devices were
performed to extract short-circuit currents, open-circuit
voltages and fill factors, while an abbreviatedmeasurement
protocol was followed for subsequent devices (no fill factor).
Both NWA and film devices perform as good rectifying
diodes in the dark and exhibit clear photovoltaic response
under 1 Sun AM1.5G irradiation (see Figure 2). The NWA
devices show more variability in their properties, while the
film devices are practically identical to each other. Our
devices are comparable in performance to other examples2-5
of Si NW photovoltaic devices reported in the literature (see
Table S1 in Supporting Information). Additionally, measured
photovoltaic characteristics do not vary with device length
as themeasuredminority carrier diffusion lengths (discussed
below) are shorter than the geometrical lengths of the
devices.
To characterize the optical properties of the film devices,
ellipsometry was performed on 2× 2mm2 areas of bulk film
regions of the chip using a SE850 UV/vis spectroscopic
ellipsometer equipped with microspot focusing objectives
(Sentech Instruments GmbH, Berlin, Germany). The ellipso-
metric constants were measured between 300-820 nm at
an incidence of 70° and fitted for layer thicknesses with a
model where incident light passes through air onto a three-
layer thin film SiO2/Si/SiO2 atop a Si substrate. We used
literature values for the refractive indices of silicon19,20 and
silicon dioxide.21,22
The small size of the NWAs precludes direct measure-
ment of their optical properties with our equipment. Instead,
we adopt an alternative approach by characterizing their
morphology using scanning electron (SEM) and transmission
electron microscopy (TEM) and computationally modeling
the optical properties. Plan-view images of the arrays were
obtained at 30 kV in a XL30 FEG SEM, while cross sections
of the arrays were prepared using the focused-ion beam (FIB)
lift-out technique23,24 in a Nova 600 DualBeam FIB/SEM and
imaged at 200 kV in a Tecnai TF20ST TEM (FEI Company,
Hillsboro, OR). Energy-filtered zero-loss TEM images of the
cross sections were acquired using a Gatan Imaging Filter
(Gatan Inc., Pleasanton, CA).
We calculated the optical properties of the film and NWA
devices using an open-source implementation25 of Mo-
haram’s formulation26 of the rigorous coupled wave analysis
(RCWA). RCWA is ideally suited for periodic structures and
is commonly utilized for calculations of reflectance R and
transmittance T.27-29 We used it to calculate the absorp-
tance A ) 1 - R - T - S, assuming no light scattering (S )
0). This assumption is valid for materials that are homoge-
neous on the length scale of the incident radiation. The NWA
device features are well-ordered and deep in the subwave-
length regime and so this approximation is excellent, as we
shall demonstrate later.
The calculation was performed on the optical model
described by Figure 3, between 200-825 nm, using normal
incidence illumination (see Supporting Information for de-
FIGURE 2. Dark and lit I-V curves for a representative pair of
devices.
FIGURE 3. Cross-sectional transmission electron micrographs of (a)
film device and (b) nanowire array device, overlaid with a single
period of the RCWA optical model. The dark phase is a Pt capping
layer deposited during the lift-out procedure to protect the sample
and is not part of the device. (c) Calculated absorptances for the film
and nanowire array devices as a function of wavelength. The inset
shows the illumination geometry for TE- and TM-polarized light on
the nanowire array with θ ) 0°.
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tails). As is common in the field of grating physics, we have
defined the plane of incidence to be perpendicular to the
nanowire axis, so that TE- (TM-) polarized waves have
electric field components parallel (perpendicular) to the
nanowires. Each calculation took several minutes on a
standard personal computer, yielding results with accuracy
on the order of 10-4, typical for RCWA.30 Finally, the RCWA
results were convolved with the measured monochromator
slit function. To obtain the absorptance of the NWA for any
arbitrary polarization, we assume that the illumination is
incoherent, and calculated the weighted average of the
absorptances for TE- and TM-polarizations. We did not
correct for the polarization bias as the effect is small in our
system and does not affect the results appreciably.
The NWAs appear homogeneous under optical micros-
copy (dark pink, Figure 1i) with distinct coloration differ-
ences from the surrounding contacts (bright pink) and the
underlying oxide (olive green). SEM micrographs confirm
that the arrays are of high quality and well-ordered (Figure
1j). The nanowires are continuous, straight, and well-
delineated with clean sidewalls over their entire lengths. In
this device, individual nanowires are nominally 10 µm long,
10 nm thick, 20 nm wide, and separated by 14 nm from
adjacent nanowires.
Cross-sectional TEM indicates that both the NWA and thin
film devices retain the crystallinity of the starting SOI wafer
after processing. For the film device (Figure 3a), TEM
measurements suggest an optical model of 5.4 nm SiO2/9.5
nm Si/200 nm of SiO2, which agrees well with the spectro-
scopic ellipsometry estimates of 5.2 nm SiO2/9.4 nm Si/202
nm SiO2. The ellipsometry measurements were used to
model the film device in RCWA. TEM micrographs of the
NWA device (Figure 3b) show a corrugated ridgelike texture:
20 nmwide, 9 nm tall nanowires, spaced 12 nm apart, with
10 nm deep overetch pits in the underlying oxide. Each
nanowire is surrounded by a 5 nm oxide sheath, and
nanowire sidewalls are rounded due to high-temperature
oxidation. To generate an optical model for the nanowire
array, we overlaid a square mesh over the TEM image and
assigned phases (air, Si, or SiO2) to each 1 × 1 nm2 grid
square. A single period of the resulting model is illustrated
in Figure 3b with the total thickness of the underlying oxide
set to 202 nm. In our limited experience, the RCWA results
are only weakly affected by changes in shape, and more
strongly impacted by changes in periodicity. The exact
choice of the model morphology and mesh resolution is
relatively unimportant, so long as the array period and
nanowire size is well-characterized.
Figure 3c shows the absorptance for the film and NWAs,
calculated using RCWA for collimated illumination at normal
incidence (see inset). The spectra show strong oscillatory
features due to thin-film interference effects. RCWA predicts
no polarization dependence for the film absorptance, as
expected for an optically isotropic material like silicon. On
the other hand, the NWA devices are predicted to exhibit
pronounced polarization effects in the absorptance for TE-
(electric field parallel to nanowires) and TM-polarized (mag-
netic field parallel to nanowires) light. Absorption of TE-
polarized light is enhanced substantially over that of the film
over most wavelengths, while TM-polarized light is hardly
absorbed except for the shortest wavelengths. As the indi-
vidual nanowires are 20 nm in width and far smaller than
the illumination wavelengths, all diffracted waves are eva-
nescent except for the specular zero-order reflection. We
have examined the calculation results and find no far-field
reflected or transmitted diffraction intensity at all higher
orders. Therefore, the NWA behaves like a homogeneous
bulkmaterial with anisotropic refractive indices down to the
shortest wavelengths. That is, it exhibits birefringence. This
is distinctly different than isolated NWs10 or larger-pitch
NWAs,7,28,31 which scatter or diffract light into off-specular
directions. Hence, control over light scattering is obtained
by patterning in the subwavelength regime, which has not
been previously demonstrated for NWA photovoltaics. In
addition, most of the incident light is predicted to reflect at
wavelengths below 450 nm (not shown), suggesting that an
antireflective coating will further increase absorption.
The external quantum efficiencies of film and NWA
devices for unpolarized illumination (symbols) are plotted
in Figure 4a and are strikingly similar to the calculated
absorptances (lines). The agreement is even more impres-
sive when plotted logarithmically (Figure 4b), given the
simplicity of the optical models. Polarization-resolved ex-
ternal quantum efficiencies (see Figure 4c,d) further support
our interpretation of the NWA devices as uniaxial birefrin-
gent materials. The external quantum efficiency of the NWA
devices changes by an order of magnitude between the TE-
and TM-polarizations around 360 nm (colored hollow sym-
bols), as predicted by RCWA calculations (colored lines). On
the other hand, the film devices do not exhibit large varia-
tions in their spectral response as the polarization is changed
(black solid symbols), as predicted for an isotropic medium
(black line). Scanning photocurrent measurements with a
scanning near-field optical microscope (see Figure S2 in
Supporting Information) give lower estimates for the minor-
ity carrier diffusion length L. For the bulk film devices, Lfilm
g 200 nm, while for the NWA devices, Larray g 100 nm. As
a check, we note that energy conservation also imposes a
lower limit on L, since the internal quantum efficiency IQE
) EQE/A cannot exceed unity at hν < 2Eg. These lower limits
correspond exactly to the estimates obtained from the
scanning photocurrent measurements. To produce Figure 4,
we have applied the lower limiting values for Lfilm) 200 nm
and Larray) 100 nm; the reader should divide the EQE values
by 2 (bulk film) or 3 (NWA) to apply the upper limits on L.
The excellent match between themeasured EQE and the
absorptance for the nanowire arrays implies that we can
accurately predict the optical characteristics of such materi-
als from bulk optical constants at least down to the nanowire
dimensions investigated here. In addition, because the array
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features are so small compared to visible light, we can treat
the array as a homogeneous thin film with effective refrac-
tive indices for each polarization. The advantage of such an
approach is that optical stacks containing these nanostruc-
tured films can be accurately modeled using standard thin
film optics. Nanostructuring at extreme length scales thus
paves the way toward completely tunable optical properties
down to the ultraviolet. For example, tunable birefringence,
as demonstrated in this work, can find applications as
polarization-sensitive detectors or emitters, waveplates, and
in power-generating ultrathin semitransparent films on
windows.
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